Background {#Sec1}
==========

The pre-weaning litter environment has been proven to affect pigs' development and performances during later life \[[@CR1]\] and in particular colostrum intake, coupled with birth weight, was found to influence piglets' growth and mortality \[[@CR2]--[@CR4]\]. Colostrum provides new-borns with energy and passive immunity \[[@CR5], [@CR6]\]: in particular, most of the literature concerns the effects of the different immunoglobulins on piglets' health and survival capacities \[[@CR7]--[@CR9]\]. Studies on human and bovine colostrum suggested important roles in new-borns' health also for other bioactive molecules, such as nucleotides, oligosaccharides, organic acids and peptides \[[@CR10]--[@CR12]\], but little is known about the presence of these metabolites in sows' colostrum and their association with piglets' performances. Furthermore, to date little or no information about pig breed influence on colostrum composition is available and most of the knowledge about metabolites composition of swine colostrum was produced on samples gathered after farrowing induction, that may alter colostrum composition \[[@CR13]\]. In this study, 58 colostrum samples were collected during a natural parturition with the aims i) to analyse through a ^1^H--NMR-based metabolomics approach the colostrum compounds with a maximum 10 kDa molecular weight in three pig breeds, ii) to evaluate breed and season effects on the colostrum composition, iii) to test the associations between the identified metabolites, the sow reproductive performance, and the piglets' survival and growth rates at day three after birth.

Methods {#Sec2}
=======

Animals and sampling {#Sec3}
--------------------

Colostrum samples were collected from 58 farrowings of pure breed sows: 12 from Duroc (D), 15 from Landrace (L) and 31 from Large White (LW) sows. The number of samples collected per breed reflected the different numbers of individuals reared in Italy for these three pig breeds. All sows were raised in the same commercial farm from May 2014 to August 2015, under the same indoor environmental conditions with an automated system to control temperature and relative humidity. Following the EU rules to guarantee pig welfare, from the fourth week post insemination, the sows were kept in groups of 10 and fed twice a day with 2.5 kg of the same flour mash diet (Table [1](#Tab1){ref-type="table"}). Five days before the farrowing, the sows were moved into the farrowing room and housed in single cages, fed twice a day until farrowing with the same diet. Sows had free access to water along all the experimental period. For this trial, we have considered exclusively sows that were not treated with antibiotics and medical products during gestation and lactation periods.Table 1Ingredients and calculated composition of the sows' diet expressed on a dry matter basisUnitsDry matterDigestible energykcal/ration3,320.76kcal/d6,641.52Ingredients Barley%42.00 Wheat bran%30.00 Wheat flour%11.00 Soya%7.00 Corn%4.30 Whole soybean%2.00 Calcium carbonate%1.63 Bicalcium phosphate%0.65 Fish oil%0.50 Sodium chloride%0.40 Mycotoxin binder%0.20 L-lysine monohydrochloride%0.15 Choline%0.11 Magnesium sulphate anhydrous%0.05 Threonine%0.05 Methionine%0.04Composition Crude protein%16.48 Crude fat%3.70 Crude fiber%7.27 Starch%37.57 Starch + Sugar%41.03 Calciumg8.00 Available phosphorusg8.60 Digestible phosphorusg4.51 Available lysineg8.59 Digestible lysineg7.23 Available methionineg2.87 Digestible methionineg2.51 Methionine + Cysteineg5.99 Digestible methionine + Cysteineg5.06 Threonineg6.14 Tryptophang2.03

Farrowing was not induced, and the colostrum sampling was carried out during natural parturition, after the birth of the first piglet and before the parturition of the last, across all teats. Furthermore, the sows that showed long parturitions or required farrowing induction were excluded from the sampling, in order to avoid possible confounds of colostrum variations. All samples were immediately frozen at − 20 °C and then stored at − 80 °C until the samples preparation for ^1^H--NMR analysis.

The parity, the date and the season of the farrowing and the reproductive performance data were recorded for each sow. The number of alive piglets and the litter body weight (LBW) were recorded at birth and at d 3, cleansed of the weight of the dead piglets. The litter weight gain (LWG) was then calculated for the period from birth to d 3. Furthermore, the number of weaners per litter was recorded as well as the occurrence of diarrhea during suckling (1 = presence of diarrhea events from piglets' birth until weaning, 0 = absence of diarrhea event).

Colostrum preparation for ^1^H--NMR analysis {#Sec4}
--------------------------------------------

Colostrum was thawed, carefully mixed by inversion, and 15 mL of each colostrum sample was diluted 1:1 with pure water. To each diluted sample, 0.02% of sodium azide was added, to inhibit bacterial growth during the sample preparation. Then the sample was defatted through a centrifugation at 4 °C for 30 min at 1,500 × *g*. The aqueous phase was transferred to a clean Falcon tube avoiding the outer layer of fat, and centrifuged again; this procedure was repeated three times. 5 mL of the obtained aqueous phase was then transferred in Amicon Ultra 10 kDa membrane centrifugal filters (Merck Millipore, Merck KGaA, Darmstadt, Germany) and filtered by centrifugation at room temperature for 90 min at 5,500 × *g*. This step was needed to eliminate immunoglobulins and other proteins with high molecular weight. The eluted sample was then weighted and lyophilized and stored in a dry environment at room temperature until analyses.

^1^H--NMR measurements {#Sec5}
----------------------

At the time of sample processing, for each milligram of the lyophilized sample, 250 μL distilled water was added. Eighty μL of the regenerated sample were centrifuged at 14,000×*g* for 5 min (Scilogex D3024 High Speed Micro-Centrifuge, Rocky Hill, CT, USA) and then added to 720 μL of distilled water and 100 μL of a D~2~O solution of 3-(trimethylsilyl)-propioniate-2,2,3,3-d~4~ (TMSP) (Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA) with a final concentration of 6.25 mmol/L. ^1^H--NMR spectra were recorded at 298 K with an AVANCE spectrometer (Bruker BioSpin, Karlsruhe, Germany) operating at a frequency of 600.13 MHz, equipped with an autosampler with 60 holders. The HOD residual signal was suppressed by applying the NOESYGPPR1D sequence (a standard pulse sequence included in the Bruker library) incorporating the first increment of the NOESY pulse sequence and a spoil gradient. Each spectrum was acquired using 32 K data points over a 7,211.54 Hz spectral width (12 ppm) and adding 256 transients. A recycle delay of 5 s and a 90° pulse of 11.4 μs were set up. Acquisition time (2.27 s) and recycle delay was adjusted to be 5 times longer than the longitudinal relaxation time of the protons under investigation, which has been no longer than 1.4 s. The data were Fourier transformed and phase and baseline corrections were automatically performed using TopSpin software, version 3.0 (Bruker BioSpin, Karlsruhe, Germany). Signals were assigned through a combination of literature assignments and by the use of a multimedia library included in Chenomx NMR Suite 8.2 professional software (Chenomx, Edmonton, Alberta, Canada).

Data analysis {#Sec6}
-------------

Sows were grouped according to the parity order: from 1 to 3 (PO1; 27 sows) and parities equal to or higher than 4 (PO2; 31 sows). The parturition season was also taken into account and was assigned as follows: 1 = parturition between the 1^st^ of December and the 28^th^ of February; 2 = between the 1^st^ of March and the 31^st^ of May; 3 = between the 1^st^ of June and the 31^st^ of August; 4 = between the 1^st^ of September and the 30^th^ of November the average temperature per seasons registered was respectively 5.6 °C ± 0.9 °C for season 1, 16.5 °C ± 4.3 °C for season 2, 25.2 °C ± 4.3 °C for season 3 and 16.2 °C ± 4.2 °C for season 4. Among the studied animals, 6 sows gave birth during season 1, 19 during season 2, 21 during season 3 and 12 during season 4. The data collected about piglets' performances were analysed using an analysis of variance (ANOVA) with the aim to identify possible differences linked to sows' breed.

Statistical analyses on spectra data were performed using R computational language (ver. 3.1.2) \[[@CR14]\] and MATLAB (ver R2014b, MathWorks Inc.). Each ^1^H--NMR spectrum was processed by means of scripts developed in-house as follows: spectrum baseline was adjusted by employing the signals identification algorithm named "baseline.peakDetection" from R (version 3.1.2) package "Baseline" (<https://cran.r-project.org/web/packages/baseline/index.html>).

Chemical shift referencing was performed by setting the TMSP signal to 0.00 ppm. The following spectral regions were removed prior to data analysis: the regions including only noise (the spectrum edges between 11.00 and 8.65 ppm and between 0.15 and − 1.00 ppm), the ^1^H--NMR signal which is strongly affected by the residual solvent signals (water, between 4.90 and 4.50 ppm) and the glycerol's signals from 3.82 and 3.76 ppm, from 3.69 and 3.63 ppm and from 3.60 and 3.54 ppm**.** Spectra were then normalized by means of probabilistic quotient normalization method (PQN) \[[@CR15]\] and binned. The first normalization operation is aimed at removing possible dilution effects. The second one avoids the effect of signals misalignments among different spectra due to variations in chemical shift of signals belonging to some titratable acids. The binning operation is performed by subdividing the spectra into 369 bins, each integrating 120 data points (0.0219 ppm each). In order to focus on the real information contained in the spectra, bins that had an average higher value than noise were selected. In this way, a total of 201 bins were kept.

The spectra obtained were then analysed through an unsupervised multivariate approach using PCA. The PCA was conducted on the 201 bins matrix to identify the outlier samples and test the existence variables contributing to samples clustering. The multivariate models were calculated and the results were visualized on both scores and loadings' plot. In order to determine the spectral regions encompassing most of the discriminative information, bins with a loading value greater than 1% of the overall standard deviation of all loading values were selected. The identified metabolites were grouped in a new dataset named C-dataset. The C-dataset was used to conduct an ANOVA with the aim to confirm if the amounts of the identified compounds were influenced by the effects of breed and farrowing season identified with the PCA and parity order. The model utilized for this analysis was:$$\documentclass[12pt]{minimal}
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Where:

β0 was the intercept;

βp was the corresponding regression coefficient;

*y* was the amount of each identified metabolite;

*b* was the sow breed (LW; D; LA);

*s* was the farrowing season (1; 2; 3; 4);

*o* was the parity order (PO1; PO2);

*n* was the number of piglets born alive per litter;

*b*×*s* was the interaction between breed and season;

*E* was the error.

This first part was conducted to test if sows' breed influences colostrum profile and if in addition to breed there are other "environmental" variables affecting colostrum quality (such as the farrowing season, the parity order or the litter size).

Then, a Stepwise Regression analysis was used to select, among the metabolites included in the C-dataset and sows' reproductive performances, the variables that influenced the LWG, the number of dead piglets from birth until d 3 or the number of piglets dead from day 3 to weaning. This statistical analysis involves starting with no variables in the model and adding gradually each metabolite and sow reproductive parameter (the litter weight and the number of alive piglets at birth) to evaluate which one of the colostrum identified compounds and sows' reproductive abilities most influenced the piglets' survival and growth. The results obtained from the Stepwise Regression analysis were then confirmed through Generalized Linear Model (GLM). The GLM model for LWG included the sows' breed, the average piglet's weight at birth and the interaction between sows' breed and acetate as fixed effects. The GLM model for the number of dead piglets from birth until day three included the sows' breed, the number of alive piglets at birth, the interaction between sows' breed and dimethylamine and the interaction between sows' breed and taurine as fixed effects. For the number of weaned piglets the GLM model included as fixed factors the sows breed, the number of alive piglets at birth, the interaction between sows' breed and cis-aconitate.

Finally, all the variables that did not show an effect on the dependent variables were removed from the model and only the significant effects were maintained.

The *prcomp* function of R environment was used to perform the PCA analysis on bins matrix \[[@CR16]\]. The ANOVA analysis, the Stepwise Regression analysis, and the regression model were carried out on SAS software using PROC REG and PROC GLM respectively (SAS® 9.4, SAS Inst. Inc., Cary, NC). Results were considered significant at *P* ≤ 0.05 and tendencies at 0.05 ≤ *P* ≤ 0.10.

Results {#Sec7}
=======

Dataset description {#Sec8}
-------------------

Table [2](#Tab2){ref-type="table"} detailed the data about sows, litters and piglets included in the study. D sows had on average a lower number of piglets born alive per litter (8.92 ± 2.28) with respect to L (12.60 ± 1.72) and LW (11.90 ± 2.26) (*P* \< 0.0001), while the new-borns of L and LW breeds presented a lower weight at birth (1.38 ± 0.15 kg and 1.43 ± 0.16 kg, respectively) compared to D piglets (on average 1.59 ± 0.23 kg) (*P* = 0.007).Table 2Phenotypic differences observed for the parameters measured in Duroc, Landrace and Large White littersVariablesD^a^L^b^LW^c^Total*F* value*P-*valueNumber of sows12153158Order of parturition2.7504.0674.1613.8453.5550.035Number of piglets born alive per litter Mean8.91712.60011.90311.46611.85\<.0001 SD2.2751.7242.2562.494Average LBW at birth^d^, kg Mean14.03317.20716.89016.3815.5030.006 SD3.6792.0812.8283.060Average piglet's weight at birth, kg Mean1.5881.3761.4321.4505.4370.007 SD0.2260.1530.1550.184Number of alive piglets per litter at d 3 Mean8.25012.13310.87110.65512.55\<.0001 SD1.8651.7672.2912.453Number of dead piglets per litter at d 3 Mean1.6001.7501.5831.6190.1040.902 SD1.3420.5000.9960.974Average LBW at d 3^d^, kg Mean16.40021.16719.75819.4284.9480.010 SD3.9933.0594.2644.211Average piglet's weight at d 3, kg Mean2.0011.7611.8261.8464.3260.018 SD0.2750.2400.2130.244LWG^e^, kg Mean3.0854.4534.1033.9830.1020.902 SD0.8641.4611.7711.598Number of weaned piglets Mean7.33311.13310.0329.75911.59\<.0001 SD1.8751.5522.3162.423Incidence of diarrhoea Mean31481.0480.357^a^Duroc^b^Landrace^c^Large White^d^litter body weight^e^the average litter body weight gain from birth to d 3

Colostrum spectra {#Sec9}
-----------------

Figure [1](#Fig1){ref-type="fig"} shows a ^1^H--NMR profile of defatted and ultrafiltered sow colostrum. The ^1^H spectrum is mainly dominated by the carbohydrate signals overlapping in the midfield region between 3.49 and 4.49 ppm (Fig. [1b](#Fig1){ref-type="fig"}). Those belong to lactose and nucleotides sugars such as UDP-glucose and UDP-galactose and nucleotide as UMP. Amino acids mainly fall in the upfield region, between 0.99 and 3.49 ppm, together with the signals of organic acids (Fig. [1a](#Fig1){ref-type="fig"}) and creatine (3.04--3.05 ppm). In this part of the spectrum fall also signals from threonine and lactic acid (both at 1.33 ppm), alanine (1.49 ppm), acetic acid (1.92 ppm), succinic acid (2.41 ppm) and citric acid (2.54 and 2.67 ppm). Finally, in the downfield region (Fig. [1c](#Fig1){ref-type="fig"}) signals of different phenolic compounds can be observed, but in this case, only formic acid was assigned (8.4 ppm), together with signals from the nucleotide sugars UDP-glucose and UDP-galactose (5.5--6 ppm, 7.9--8 ppm) and UMP (8.1 ppm, 5.98--5.99 ppm, 4.42 ppm) as listed in Table [3](#Tab3){ref-type="table"}. The 25 compounds have been identified through a combination of literature assignments \[[@CR17]\] and by the use of a multimedia library included in Chenomx NMR Suite 8.2 professional software (Chenomx, Edmonton, Alberta, Canada).Fig. 1Typical ^1^H--NMR spectrum of aqueous extract of colostrum. The spectrum has been split into three parts for the sake of clarity. Some resonances have been assigned by using Chenomx software and listed in Table [3](#Tab3){ref-type="table"}: **a** Aliphatic or upfield region; **b** Carbohydrate or midfield region, characterized by the presence of signals belonging to sugars and glycerol and **c** Aromatic region or downfield regionTable 3Assignment table of the identified metabolites present in the ^1^H--NMR spectra of colostrumAssigned number^1^H chemical shift, ppm^a^Compound11.332 (d)Lactate21.486 (d)Alanine31.923 (s)Acetate42.028 (s)N-Acetylglutamate52.063 (s)N-Acetylglucosamine62.089 (s) - 5.552(dd) - 5.967 (d) - 7.944 (d) - 8.287 (d)UDP-N-Acetylglucosamine72.147 (s) -3.222 (s)O-Acetylcholine82.408 (s)Succinate92.539 (d) - 2.667 (d)Citrate102.720 (s)Dimethylamine113.039 (s)Creatine123.046 (s)Creatine phosphate133.050 (s)Creatinine143.119 (d) - 5.712 (m)cis-Aconitate153.204 (s)Choline163.231(s) - 4.330 (m)sn-Glycerophosphocholine173.272(t) - 3.532 (dd) - 4.073 (t)Myo-Inositol183.259 (t) - 3.428 (t)Taurine193.302 (t) -3.684:3.906 (m), 3.980 (d) 4.461 (d) - 4.679 (d) - 5.243 (d)Lactose203.480 (s) - 4.142:4.278 (m) -5.607 (dd) -5.967 (m) -7.940 (d)UDP-glucose213.935 (s)Glycolate224.142:4.278 (m) - 4.379 (m) - 5.664 (dd)- 5.990 (m) - 7.942 - 7.995(d)UDP-galactose235.917 (d) - 7.879 (d)Uridine248.406 (s)Formate254.423 (t) - 5.990 (m) - 8.102 (d)UMPThe assignments were obtained at pH 7.420. Chemical shift values are referenced to TMSP proton signals at 0.00 ppm. Glycerol (3.568, 3.661 and 3.793 ppm has not been listed as it has not been included in the PCA)^a^d, doublet; dd, doublet of doublets; m, multiplet; s, singlet; t, triplet

Factors affecting colostrum composition {#Sec10}
---------------------------------------

After alignment, normalization and binning, the dataset contained 58 colostrum spectra characterized by 201 bins and PCA was applied on it to investigate differences on the metabolome between groups. In the total colostrum spectra, no PCA clustering for sow's parity order was identified (data not shown). Figure [2a](#Fig2){ref-type="fig"} and [b](#Fig2){ref-type="fig"} show that samples clustered on PC1-PC2 due to the effect of the sow breeds (Fig. [2a](#Fig2){ref-type="fig"}) and on PC2-PC3 due to the farrowing seasons (Fig. [2b](#Fig2){ref-type="fig"}). The PC1 explained the 81% of the total variance and separated the colostrum spectra of D and LW, while PC2 (10% of the variance) discriminated the L colostrum composition into two clusters. The PC2 together with the PC3 explained the 14% of the total variance. This plot highlights the season effect, in particular along PC2 where differences in the colostrum spectra due to seasons 1 and 4 (winter-autumn) against season 2 and 3 (spring-summer) are visible. The weighting of each variable (bin) is represented by the loadings plot in Fig. [2c](#Fig2){ref-type="fig"} and [d](#Fig2){ref-type="fig"} in which are displayed the loadings from PC1 and PC2 respectively as a bar plot, where each bar corresponds to a single spectral variable (bin). The main bins accounting for the spectral differentiation and their relative chemical shift were listed in the Additional file [1](#MOESM1){ref-type="media"}: Table S1 (SS1). As emerging from the SS1 table, most of the signals included in these discriminant bins were assigned to the corresponding metabolites. The C-dataset, which was used for the following statistical analyses, resulted as being composed of 25 metabolites, listed in Table [3](#Tab3){ref-type="table"}.Fig. 2Score plots of PCA on ^1^H--NMR binned spectra of colostrum. **a** PC1 vs. PC2 and **b** PC2 vs. PC3. The first two PCs represent the 91% of the total variance. **c**-**d** Loadings bar-plot for spectral bins along PC1 and PC2 respectively. Downfield (C1 and D1) and upfield (C2 and D2) regions of C and D loadings bar-plot were expanded on the vertical scale to appreciate the presence of small bar plot

The parity, breed and season effects on colostrum composition were then confirmed through the ANOVA analysis on the identified metabolites described in the C-dataset, and the results are reported in Table [4](#Tab4){ref-type="table"}. Sows' parity order and the interaction between sows' breed and season did not show significant associations with the metabolites amount, while the number of piglets born alive showed few significant associations (*P* \< 0.05 only for N-acetilglucosamine and UDP-glucose -- data not shown). Table [4](#Tab4){ref-type="table"}, reports the *P* values for breed and season, which showed the strongest effects on ultrafiltered colostrum metabolome. Indeed, the amounts of lactose, UDP-glucose, glycolate and UDP-galactose were strongly associated to breed (*P* \< 0.001), citrate and N-acetilglucosamine showed breed-related differences (*P* \< 0.01), as well as alanine, succinate, creatine, creatine phosphate, *cis*-aconitate, O-acetylcholine, sn-glycerophosphocholine, UDP-N-acetilglucosamine, taurine and myo-inositol (*P* \< 0.05). In particular, the colostrum of L samples showed upper signals for UDP-glucose, UDP-galactose and sn-glycerophosphocholine compared to the other two breeds, while LW colostrum was characterized by a greater quantity of lactose, taurine, myo-inositol and glycolate than L and D colostrum. Season as well explained a significant part of the variations observed for acetate, dimethylamine, creatine phosphate, creatinine, *cis*-aconitate, glycolate and formate (*P* \< 0.001), for creatine, taurine, UDP-galactose and UMP (*P* \< 0.01) and for alanine (*P* \< 0.05). Table 4Effects of sow breed and season on the identified colostrum metabolitesMetaboliteBreed^a^SEM*P-*valueSeason^b^SEM*P-*valueDLLW1234Lactate5.386.78.881.850.5064.9310.188.714.131.810.495Alanine1.772.22.440.170.041.652.52.511.880.170.04Acetate9.5711.179.90.910.37813.597.555.9513.770.89\<.0001N-Acetylglutamate6.359.914.033.770.4537.949.698.5314.213.690.776N-Acetylglucosamine10.915.411.71.60.00310.61413.812.31.60.149UDP-N-Acetylglucosamine22.434.433.92.20.01426.233.433.827.42.10.324O-Acetylcholine77.1196.9156.613.90.002101.7148.4171.7152.313.60.115Succinate2.213.263.50.190.012.593.263.552.550.210.329Citrate209301257130.002246286265228120.101Dimethylamine2.864.444.510.490.0912.35.195.392.850.480.0003Creatine39.859.958.73.40.01440.95964.746.63.30.002Creatine Phosphate3.47.998.010.880.0151.98.510.784.690.86\<.0001Creatinine13.616.716.51.10.62219.911.811.619.21.1\<.0001*cis*-Aconitate1.411.931.740.140.0291.12.142.281.260.14\<.0001Choline7.8210.629.911.190.6658.8611.649.437.871.160.961sn-Glycerophosphocholine446543414380.038430457507477370.507Myo-inositol63.5376.9582.863.760.01262.5873.1781.1380.913.680.085Taurine1.574.16.050.870.0150.986.236.192.210.850.005Lactose45857981130\<.0001535644667619300.136UDP-glucose6.079.786.230.54\<.00016.087.38.097.970.540.198Glycolate28.139.845.82.40.000628.441.845.935.62.30.001UDP-galactose32.67442.54\<.000139.354.261.4443.90.005Uridine3.143.723.230.380.6013.053.553.493.370.380.463Formate4.494.434.030.350.066.273.042.295.670.34\<.0001UMP13.324.221.61.70.09621.8216.0416.8424.081.910.01Mean of the identified metabolites are expressed as absolute area^a^The Breed is assigned as D for Duroc, L for Landrace and LW for Large White^b^The seasons were assigned as follows: 1 = if the parturition was included in the period between the 1^st^ of December and the 28^th^ of February; 2 = between the 1^st^ of March and the 31^st^ of May; 3 = between the 1^st^ of June and the 31^st^ of August; 4 = between the 1^st^ of September and the 30^th^ of November

Factors affecting litter performances {#Sec11}
-------------------------------------

The Stepwise Regression analysis revealed that, in addition to the influence of sows' reproductive performances (the litter weight and the number of alive piglets at birth), some specific metabolites can be associated to piglets' survival and growth parameters (Table [5](#Tab5){ref-type="table"}). In particular, the litter weight at birth and the concentration of acetate significantly entered in the model for LWG (*P* \< 0.0001 and *P* = 0.002, respectively); the higher number of alive piglets at birth and the increased concentration of colostrum cis-aconitate were associated with the number of weaned piglets (*P* \< 0.0001 and *P* = 0.019, respectively), while dimethylamine (*P* = 0.0002) and taurine (*P* = 0.013) entered as variables in the model for the number of dead piglets per litter at d 3. There was no influence of farrowing season and parity order on LWG, the number of weaned pigs or the number of dead piglets at d 3. Table 5Results of the Stepwise Regression analysisVariablesCoefficientSE coefficient*T*-value*P*-valueModel for LWG^a^ \[*R*^2^ = 0.4286; C(p) = 0.8735\] Intercept0.6110.5401.130.263 Acetate^b^0.1080.0333.270.002 Average piglet's weight at birth0.0090.0025.39\<.0001Model for the number of weaned piglets \[*R*^2^ = 0.4343; C(p) = 2.0849\] Intercept4.8011.38512.010.001 *cis*- Aconitate^b^− 0.9020.3725.890.019 Number of alive piglets at birth0.5840.1035.05\<.0001Model for the number of piglets dead per litter at d 3 (*R*^2^ = 0.2304; C(p) = 29.1881) Intercept−0.3330.271.440.235 Dimethylamine^b^0.3310.08315.820.0002 Taurine^b^− 0.1140.0446.640.013^a^LWG stands for the litter body weight gain from birth to d 3^b^Metabolites concentrations were considered in area arbitrary unit

The outcomes of the Stepwise Regression analysis were then tested with the GLM, and the results reported in Table [6](#Tab6){ref-type="table"}. Both the higher average piglets' weight at birth (*P* \< 0.0001) and the interaction between breed and colostrum acetate concentration (*P* = 0.013) positively affected the LWG (Table [6](#Tab6){ref-type="table"}). The number of alive piglets at birth (*P* = 0.004) and the interaction between cis-aconitate colostrum content and breed (*P* = 0.008) were significantly associated with the number of weaned piglets, while the effect of breed alone presented a trend towards significance (*P* = 0.061). In addition, the number of dead piglets at d 3 was related to breed (*P =* 0.026), to the interaction between the concentration of dimethylamine and breed (*P =* 0.001), to the interaction between taurine concentration and breed (*P =* 0.036) and to the number of alive piglets at birth (*P* = 0.031). Table 6Results of the GLM analysisVariablesCoefficientSE*P*-valueGLM for LWG^a^ Intercept0.8920.6930.204 Breed0.379 LW^c^00 L^d^− 1.0720.934 D^e^0.3520.821 Acetate^b^ × Breed0.013 Acetate^b^ × LW^c^0.0940.052 Acetate^b^ × L^d^0.1820.062 Acetate^b^ × D^e^0.0150.085 Average piglet's weight at birth0.0080.002\<.0001GLM for number of weaned pigs Intercept9.201.825\<.0001 Breed0.061 LW^c^00 L^d^− 1.8221.534 D^e^− 6.7432.85 *cis*-Aconitate^b^ × Breed0.008 *cis*-Aconitate^b^ × LW^c^0.9901.363 *cis*-Aconitate^b^ × L^d^− 0.2930.596 *cis*-Aconitate^b^ × D^e^− 1.6160.457 Number of alive piglets at birth0.3410.1130.004GLM for Number of dead piglets at d 3 Intercept−2.2260.7640.005 Breed0.026 LW^c^00 L^d^0.1900.198 D^e^−0.2710.261 Dimethylamine^b^ × Breed0.001 Dimethylamine^b^ × LW^c^−0.2710.261 Dimethylamine^b^ × L^d^0.1900.198 Dimethylamine^b^ × D^e^0.4670.116 Taurine^b^ × Breed0.036 Taurine^b ^× LW^c^−0.1510.056 Taurine^b^ × L^d^−0.1490.177 Taurine^b^ × D^e^0.1740.207 Number of alive piglets at birth0.1270.0580.035^a^LWG stands for litter body weight gain from birth to d 3 of life^b^Metabolites concentrations were considered in area arbitrary unit^c^LW stands for Large White^d^L stands for Landrace^e^D stands for Duroc

Discussion {#Sec12}
==========

This is the first study describing in three pig breeds the defatted colostrum metabolome profile \< 10 kDa, the factors underlying its composition and the associations between colostrum metabolites and litter's growth and survival parameters during suckling.

The three breeds showed different reproductive abilities in accordance with the literature \[[@CR17], [@CR18]\], with L and LW sows exhibiting a higher average number of piglets alive at birth compared to D sows. These differences between breeds are also visible at the colostrum composition level \[[@CR19], [@CR20]\]: considering the whole spectrum, the colostrum composition of L sows showed to be mainly affected by season (explained by PC2), while LW and D breeds displayed clustering tendency for PC1, with the colostrum lactose amount explaining most of the colostrum composition differences between breeds according to \[[@CR20]\]. In particular, LW breed samples presented higher values of lactose according to \[[@CR20]\]. Lactose concentration in cow milk is commonly associated with the health status of the mammary gland, as higher lactose concentrations are positively correlated to healthier mammary glands and low amounts of this sugar indicate the existence of intramammary infections \[[@CR21]\]. Considering the data provided by the present work, it is not possible to support the same association in lactating sows, due to the absence of reference value for sow milk and colostrum.

Furthermore, the obtained colostrum spectra were affected also by the farrowing season: the samples gathered during winter and autumn exhibited differences in colostrum compositions with respect to colostrum secreted during spring and summer. These differences could be ascribed to the environmental conditions affecting sows' performances. Indeed, even if the sows were reared in temperature-controlled and humidity-controlled environment, heat stress may occur in hotter months and is an important factor that must be taken into account when dealing with results obtained in the Mediterranean areas. Compounds such as acetate, which showed to be more abundant during cold seasons, may reflect the different energy requirements of sows during cold months. Acetate is of particular interest for milk composition as it is a precursor of the fat synthesized in mammary glands \[[@CR22]\] and it could be the product of fermentations taking place in sows' hindgut.

In addition, farrowing season affected also the creatine pathway: in particular, creatine and creatine-phosphate amounts during the period ranging from September to February were significantly lower than in spring and summer; on the contrary, creatinine was higher during the same period. Creatine is an important nutrient for the new-born, as it functions as high-energy phosphate buffer and it is essential in tissues with a high energy demand such as muscle and brain \[[@CR23]\]. In mice, it has been shown that milk creatine is extracted from the circulating plasma by the mammary gland, which conversely has little or no capacity to synthesize creatine \[[@CR24]\]. No research data are available for sow colostrum, but it can be assumed that also in this case variations in colostrum may reflect variations in blood creatine concentration. Here the variations in the ratio creatine and creatine-phosphate to creatinine may have resulted from a higher degradation of the first two compounds into creatinine during the hotter season. The increasing amount of creatinine level is in general associated with a higher mobilization of stored proteins and indirectly with fat and lean levels in the body mass \[[@CR25]\]. A recent study \[[@CR26]\] associated an increased amount of blood creatinine on the 1^st^ day of lactation with lower feeding levels in sows during late gestation period. However, we could not control feed intake in the days before farrowing thus we do not have information regarding its variations according to the season. Therefore, further research is necessary to explain variations of creatine and related compounds in colostrum.

Some of the identified compounds were associated with litter weight gain during the first three days of life and to piglets' survival rates at d 3 and at weaning. In particular, we suppose that the positive effect of acetate on LWG could be linked to the multiple metabolic roles played by this compound, which can be used as energy source by gut mucosa (in particular by colonocytes), as a substrate for the synthesis of cholesterol and long-chain fatty acids \[[@CR27]\], and may also stimulate adipogenesis \[[@CR28]\]. Additionally, taurine colostrum concentration showed a positive correlation with piglets' survival rate at three days of life. Taurine was already proven to play a critical role in neonatal development, including the development of the central nervous system and other tissues \[[@CR29], [@CR30]\]. Furthermore, taurine represents also an important factor in dietary fat absorption. Indeed, this organic compound is involved in conjugating bile acids, which are extremely important for the absorption of fat in infants \[[@CR31]\]. Thus, taurine content in sows' colostrum may play an essential role for fat digestion and absorption in piglets, similarly to what was observed in humans \[[@CR32]\], showing beneficial effects on piglets' development and energy supply and decreasing the number of dead. As regards the number of dead piglets at three days of life, this performance was positively associated with higher concentration of dimethylamine secreted in colostrum. Dimethylamine is a nitrogenous product, synthesised by bacterial action by the catabolism of trimethylamine or by the metabolism of choline and choline-containing phosphatides. In the literature, dimethylamine was found in sows' serum \[[@CR33]\], and in human milk \[[@CR34]\], suggesting that dimethylamine can pass from mother's serum to milk (and colostrum). Literature is lacking of studies on the effects of dimethylamine in newborn piglets; anyway it is generally accepted that this compound may have genotoxic \[[@CR35]\] and irritant effects on mucosae \[[@CR36]\], together with lethargy and coordination disorders in animals \[[@CR37]\]. Certainly these results refer to prolonged periods of dimethylamine exposure, but it is also reasonable that sows secreting higher contents of dimethylamine in colostrum coupled with the weakness status of piglets at birth could have led to higher numbers of lethargic piglets, resulting in increased losses during the first three days of life.

Similarly to dimethylamine, also cis-aconitate was negatively associated with piglets' survival capacity from birth to weaning. *cis*-Aconitate is an intermediate of the tricarboxylic acid (TCA) cycle that regulates the energy metabolism and is the result of the reversible isomerization of citrate to isocitrate via M-aconitase enzyme activity \[[@CR38]\]. Literature is largely lacking studies about *cis*-aconitate effects in piglets, but in humans found that increased number of fetal malformation cases was associated with higher levels of cis-aconitate in mothers' serum \[[@CR39]\]. Nevertheless, we have not observed foetal malformations in the considered litters. Additionally, another hypothesis can be formulated considering that TCA cycle intermediate metabolites function as metabolic checkpoints for the activation of lipopolysaccharide response genes, such as hypoxia-inducible factor 1-alpha (*HIF1A*), interleukin 1 beta (*IL1B*) and immune responsive gene 1 (*IRG1*) \[[@CR40]\]. In particular, in M1 macrophages (that are stimulated for a rapid response against inflammation and pathogens) some breaks in Krebs cycle occur: one of them consists in a redirection of citrate towards the production of itaconic acid (whose intermediate is *cis*-aconitate) \[[@CR41]\]. Thus, higher contents of *cis*-aconitate in colostrum may be associated to the existence of immune response in sows, suggesting that also their litters may have been exposed to the same pathogens, causing more deaths in the first three days of life.

Conclusions {#Sec13}
===========

In conclusion, this study demonstrates that colostrum metabolome is greatly affected by breed and, in particular, Duroc sows showed colostrum compositions unlike any other. This result agrees with the generally accepted view that the differences among Duroc and white coated pig breeds may originate from distinct genetic origins, and consequently, suggests that further genetic studies may help to explain the variations found among breeds in colostrum compositions. From the observation of the results obtained it can be suggested that the different temperatures occurring during the year affect sows' metabolism and, in turn, can also affect colostrum composition. Among the identified metabolites, acetate and taurine showed their positive effects on piglets' performances from birth to day three of age and on piglets' survival rate, while dimethylamine and *cis*-aconitate exerted a negative influence on the new-borns' capacity to survive. This research represents a preliminary step towards the knowledge of pig colostrum composition and it is one of the first studies focusing on the associations between different swine colostrum compositions and litter performances. Further investigations are needed to extend the identification of the different compounds in swine colostrum and to elucidate their effects on new-borns and on piglets during the post-weaning period. Furthermore, the possible interaction between sows' feeding and microbiota in the modulation of colostrum metabolome deserves further investigations.
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^1^H--NMR

:   Nuclear magnetic resonance with respect to hydrogen-1 nuclei

ANOVA

:   Analysis of Variance

ATP

:   Adenosine Triphosphate

D

:   Duroc

D~2~O

:   Deuterated Water

EU

:   European Union

HOD

:   form of water in a deuterated solvent environment observable among the ^1^H--NMR spectroscopy peaks

L

:   Landrace

LBW

:   Litter Body Weight

LW

:   Large White

LWG

:   Litter Weight Gain

PC

:   Principal Component

PCA

:   Principal Components Analysis

PQN

:   Probabilistic Quotient Normalization

SD

:   Standard Deviation

SE

:   Standard Error

SEM

:   Standard Error of the Mean

TMSP

:   3-(trimethylsilyl)-propioniate-2,2,3,3-d~4~

UDP

:   Uridine diphosphate

UMP

:   Uridine monophosphate
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